Objective-Plasma phospholipid transfer protein (PLTP) mediates both net transfer and exchange of phospholipids between different lipoproteins. Animal studies have shown that it is closely related to the development of atherosclerosis. PLTP-deficient mice have demonstrated increased antioxidation potential as well as a decrease in apolipoprotein B secretion and atherosclerotic lesions. In humans, high PLTP is associated with type II diabetes and obesity. Methods and Results-To assess the relationship between PLTP activity and coronary artery disease (CAD), a novel, high-throughput method to measure plasma PLTP activity was used, relating it to CAD in 1102 cases and 444 controls. This demonstrated that PLTP activity in patients with CAD was significantly higher than in controls (25.5 versus 22.4 pmol/L per h; PϽ0.0001). Using multivariate logistic regression analysis, PLTP activity was found to have independent predictive value for CAD. Patients within the highest quintile of PLTP activity revealed a 1.9-fold increase in risk for CAD compared with patients within the lowest quintile. Conclusions-These findings indicate that PLTP activity is positively and independently related to CAD and suggest that
T here is accumulating in vitro evidence indicating that plasma phospholipid transfer protein (PLTP) plays an important role in the remodeling of lipoproteins. During lipolysis of triglyceride-rich lipoprotein (TRL), partially purified PLTP has been shown to mediate both the transfer and the exchange of phospholipids between these particles and HDL. 1,2 PLTP can also cause conversion of HDL 3 into both larger and smaller particles in a time-and concentrationdependent fashion. 3, 4 Genetic mouse models have played a crucial role in elucidating the role of PLTP in lipoprotein metabolism. We and others [5] [6] [7] have shown that within PLTP transgenic mice, PLTP overexpression increases the influx of phospholipid and secondarily of cholesterol into HDL, leading to an increase in pre-␤-HDL particles. PLTP gene knockout mice have recently provided the first in vivo evidence of a crucial role for PLTP-mediated lipid transfer in the maintenance of lipoprotein levels and in atherosclerosis development. PLTP deficiency resulted in markedly decreased atherosclerosis 8 through at least 2 mechanisms, (1) decreased production and levels of TRL 8 and (2) increased antioxidation potential. 9, 10 Human studies on PLTP activity have presented a complicated and sometimes conflicting picture. Plasma PLTP activity was significantly higher in patients with type II diabetes. 11, 12 It was associated with insulin resistance in conjunction with altered nonesterified fatty acid and triglyceride metabolism. 13 In regard to plasma HDL cholesterol (HDL-C) levels, which have powerful antiatherogenic properties, 14 existing reports are contradictory. In one set of studies, PLTP activity was positively related to HDL-C 12 , and in patients with low HDL and cardiovascular disease, this activity was positively correlated with the concentration of HDL particles containing apolipoprotein (apo) A-I but not apoA-II. 15 However, in another study, opposite results were reported. 16 These conflicting results might be attributable to (1) too small a sample size, (2) subjects that were not controlled very well, and (3) the method for PLTP measurement not being precise enough.
Both animal and human studies suggest that plasma PLTP levels are an important factor in lipoprotein metabolism and atherosclerosis development. However, these levels have never been systematically assessed as a risk factor for atherosclerosis in humans. Because there are two forms of PLTP in human plasma, 16 -18 one being catalytically active and the other not, activity measurement of PLTP is more relevant than its mass measurement. In this report, we have used a novel, high-throughput method to test the hypothesis that PLTP activity levels are associated with coronary artery disease (CAD).
Methods

Study Population
Between November, 1996, and July, 2000, we recruited male and female patients experiencing stable (nϭ830) or unstable (nϭ222) angina pectoris according to Braunwald classifications II and III or recent (Ͻ48 hours) acute myocardial infarction (MI) (nϭ50) admitted to the second medical department of the Johannes GutenbergUniversity Mainz and the Bundeswehrzentralkrankenhaus Koblenz for diagnostic coronary angiography. The sole inclusion criterion was the presence of a stenosis greater than 30% in at least 1 major coronary artery. The study is described in detail elsewhere. 19 Exclusion criteria were lack of CAD as defined above and evidence of significant concomitant disease, in particular severe valvular heart disease, known cardiomyopathy, malignancy, or febrile condition. Patients completed a questionnaire about smoking habits, history of diabetes mellitus, hypertension, hyperlipoproteinemia, current drug use, and family history of premature CAD (documented in 1 first-degree relative before age 65 years). Diabetes mellitus was diagnosed in patients who had previously undergone dietary treatment or received additional oral antidiabetic or insulin medication or who had a present fasting blood sugar level Ͼ125 mg/dL; hypertension was diagnosed in patients who had received antihypertensive treatment or had been diagnosed as hypertensive (blood pressure Ͼ160/90 mm Hg); hyperlipoproteinemia was diagnosed in patients who had been given lipid-lowering medication or had a history of total cholesterol (TC) levels Ͼ240 mg/dL.
Healthy control subjects (nϭ444) were recruited either from general practitioners' offices in the course of routine check-up visits or by newspaper announcement. This announcement briefly described the study design and invited healthy individuals aged Ն40 years to participate in the AtheroGene study as control subjects. Of the individuals who presented, we selected those without any clinical or anamnestic evidence of a history of atherosclerosis and without evidence of any pathological ECG pattern. All individuals who presented received reports of any classical and treatable risk factors for personal use.
In general, study and control patients were of German nationality and were inhabitants of the Rhein-Main area. The study was approved by the ethics committee of the University of Mainz. Participation was voluntary, and each study subject gave written informed consent.
Laboratory Methods
Blood was drawn from all subjects under standardized conditions after an overnight fasting period and before coronary angiography was performed. Samples were placed on ice immediately and within 30 minutes were centrifuged at 4000 rpm for 10 minutes, divided into aliquots, and frozen at Ϫ80°C until analysis.
PLTP activity was measured with an assay kit (Cardiovascular Target, Inc). Basically, the kit includes donor and acceptor particles. Incubation of donor and acceptor with 3 L of human plasma results in the PLTP-mediated transfer of fluorescent phospholipid, which is present in a self-quenched state when associated with the donor. The transfer is determined by the increase in fluorescence intensity as the fluorescent lipid is removed from the donor and transferred to the acceptor. The interassay coefficient of variation of the PLTP activity was 3.3Ϯ0.5%. The linear range of PLTP activity in this assay was between 1 and 7 L of plasma. Three freeze-thaw cycles of plasma did not influence the assay. The detailed procedure will be published elsewhere. To validate the novel PLTP activity assay, we compared the results with those obtained by the classic method. 1, 3 The 2 methods were well correlated (rϭ0.90, PϽ0.01; nϭ30). The analysis of PLTP activity was performed concurrently in cases and controls, and the laboratory personnel was unaware of the study individual assignation.
Serum lipid levels (TC, Roche Diagnostics; HDL-C, Rolf Greiner Biochemical; LDL cholesterol [LDL-C], calculated according to the Friedewald formula; triglyceride, Roche Diagnostics) were determined immediately. ApoA-I and apoB concentrations were determined by an immunoturbidimetric assay (Tina-quant, Roche Diagnostics). The Lipoprotein(a) [Lp(a)] concentration was determined using an enzyme-linked immunosorbent assay-based method supplied by Immuno Ltd (Dunton Green). C-reactive protein (CRP) was determined by a highly sensitive, latex particle-enhanced immunoassay (detection range of 0 to 20 mg/L); the between-day imprecision coefficiency of variation of this assay (nϭ21) was 2.14% and 1.44% at mean levels of 1.90 and 4.33 mg/L (Roche Diagnostics). Homocysteine was determined by established high-pressure liquid chromatography method.
Statistical Analysis
Plasma levels of PLTP activity were normally distributed, and results are presented as mean values. Demographic and clinical variables of cases and controls were compared by 2 test for categorical and ANOVA test for continuous variables. Because of skewed distribution for triglyceride, median values were presented and MannWhitney test was applied for this variable. For correlation of PLTP activity with additional lipid variables, Pearson correlation coefficients were calculated using log-transformed triglyceride values. Association between PLTP activity-considered as continuous variable-and CAD was additionally tested in the overall population as well as stratified by gender using ANOVA test, additionally adjusting for age, sex, classical risk factors, and lipid variables by using logistic regression analysis (for details, see Table 3 ). We aimed to assess any evidence of association between PLTP and CAD in models assuming both linear and nonlinear effects. We thus divided cases and controls into quintiles on the basis of the overall study population. We applied 4 logistic regression models, first controlling for age and sex and, in additional models, for conventional risk factors (body mass index [BMI], smoking [current smoking as dichotomous variable], history of diabetes, and hypertension as well as the lipid parameters HDL-C, LDL-C, Lp(a), and apoA-I levels as continuous variables) as well as hs-CRP and homocysteine as log-transformed continuous variables. With respect to multicollinearity, we only included LDL-C as the cluster representative of the variables TC, LDL-C, and apoB into the logistic regression model. The Wald 2 test (4 degrees of freedom) was used to test for differences across quintiles, and the association was quantified by means of the odds ratio. PϽ0.05 was considered to be significant. All analyses were carried out using SPSS 10.01 software.
Results
Baseline data regarding case and control subjects are outlined in Table 1 . As expected, prevalence of classical risk factors such as current smoking (25.8% versus 12.6%), history of diabetes mellitus (32.8% versus 9.9%), hypertension (72.3% versus 28.6%), and family history of premature CAD (38.7% versus 20.8%) were more frequent in cases compared with controls. Furthermore, a significantly higher prescription rate of statins was noted in cases than in controls, and this might well have caused the significantly lower levels of TC and LDL-C levels that were noted in the cases. HDL-C and apoA-I levels were lower in cases than in controls, as expected. Lp(a) and triglyceride but not apoB levels were higher in cases.
To investigate the possibility that PLTP activity could act as a marker for HDL and apoB-containing particles, we performed correlation analyses as outlined in Table 2 . In control subjects, there was a moderate but significant nega-tive correlation between PLTP activity and HDL-C levels (rϭϪ0.15, PϽ0.001) as well as between PLTP activity and apoA-I (rϭϪ0.14, PϽ0.05); there was also a moderate but significant positive correlation between PLTP and triglyceride (rϭ0.17, PϽ0.001). The correlation was not present in patients with CAD. Furthermore, no correlation between PLTP levels and LDL-C or apoB could be detected in cases or in controls. Also, PLTP activity was not associated with additional risk factors, especially smoking, hypertension, or diabetes. Of interest to note, PLTP activity was similar in patients receiving and not receiving statin therapy (Pϭ0.3). Other drug therapy, such as ACE inhibitors, AT-II antagonists, ␤-blocking agent, and platelet inhibitors, did not influence the plasma concentrations of PLTP in patients and controls.
The Figure demonstrates the distribution of PLTP activity in cases and controls. CAD cases were found more commonly at higher levels than controls were found. However, there was no statistically significant difference of PLTP activity between patients with stable angina and acute coronary syndrome (25.9Ϯ9.6 versus 24.7Ϯ10.2 pmol/L per h).
Patients with CAD had significantly higher plasma PLTP activity levels (Table 3) . Analyzed by sex, female patients with CAD had levels of 25.1Ϯ10.0 pmol/L per h and female controls had levels of 19.4Ϯ6.7 pmol/L (PϽ0.0001), whereas male patients with CAD had levels of 25.6Ϯ9.8 pmol/L per h and male controls had levels of 23.5Ϯ7.4 pmol/L per h (PϽ0.0001).
To evaluate the risk associated with increasing plasma PLTP activity, we calculated odds ratios for each quintile (based on the whole study sample) relative to the first. The odds ratio for CAD for the fourth and fifth quintile was significantly higher than for the first (Table 4) .
To evaluate whether the association of PLTP activity with CAD was independent of other known risk factors, we carried out various logistic regression models. As outlined in Table 5 , model 1, each increase of PLTP activity quintile was associated with an 1.2-fold increase in CAD risk (95% CI, 1.1 to 1.3; P for trend Ͻ0.0001). Individuals within the highest Values are meanϮSD (median, 25%/75% interquartiles). Univariate analysis was performed by using ANOVA. Multivariate logistic regression analyses adjusted for age, sex, BMI, history of hypertension, diabetes, current smoking, and family history of CAD as well as lipid variables LDL-C, HDL-C, triglyceride, apoA-I, and Lp(a) (nϭ1207).
PLTP quintile had a 1.9-fold (95% CI, 1.3 to 2.8; PϽ0.0001) increase in risk of CAD compared with those in the lowest. This association remained nearly unaffected after controlling for potential risk factors like BMI, history of hypertension, diabetes, current smoking, and family history of CAD, as well as the lipid factors LDL-C, HDL-C, and triglyceride (Table 5 , model 2). After apoA-I and Lp(a), which were, in contrast to apoB, significantly associated with prevalence of CAD, were further forced into the model, the association between PLTP activity and CAD risk was not martially altered; also, additional adjustment for hs-CRP and homocysteine did not weaken this association (Table 5 , models 3 and 4). However, because of missing variables for homocysteine and hs-CRP, the latter model consists only of 805 individuals.
We additionally evaluated the association between quintiles of PLTP activity and CAD in a sex-specific manner based on sex-specific quintiles in controls. In these analyses, each PLTP quintile increase was associated with a 1.4-fold (95% CI, 1.2 to 1.6; PϽ0.0001) increase in CAD risk for women and a 1.2-fold (95% CI, 1.02 to 1.2; Pϭ0.014) increase in CAD for men.
Discussion
Traditional measurements have focused on TC and apoBcontaining particles as indicators of atherogenesis and HDL-C as an indicator of antiatherogenesis. However, a body of in vitro and in vivo evidence has suggested that the measurement of plasma enzyme activities, including PLTP and cholesteryl ester transfer protein, 20 which control the lipoprotein metabolism, could also be relevant to atherosclerosis and even more relevant to antiatherogenic therapy. 21 However, the relationship between plasma PLTP activity and atherosclerosis has never been systematically assessed, partly because of the difficulties of measuring PLTP activity on a large scale. To overcome this problem, we used a novel high-throughput kit to measure plasma PLTP activity in a relatively large scale. In the present study, we demonstrated for the first time that plasma PLTP activity levels were higher in cases with CAD than in controls, and this difference was found to be independent of other risk factors. Although these findings are biologically plausible, it will be important to confirm them in other samples and in a prospective study.
Why was PLTP activity higher in CAD cases than in controls? A significantly higher prescription rate of statins was noted in cases compared with controls, and this might possibly have caused the increase of PLTP activity. However, this seems unlikely, because no significant change in such activity (as measured by an endogenous lipoprotein-independent method) was observed in simvastatin-treated patients compared with placebo. 15, 22 It was also noted that the percentage of diabetes and unfavorable BMI were significantly higher in cases than in controls (Table 1) , and this might have caused the increase in PLTP activity, because such an association has been observed. [11] [12] [13] 23 This also seems to be unlikely, though, because when we considered both factors in the multivariate analysis, PLTP activity was independent of them ( Table 4) .
Several different mechanisms could explain the relationship between plasma PLTP activity and CAD case versus control status. First, high plasma PLTP activity may decrease HDL concentrations, which are a well-known antiatherogenic marker. Overexpression of PLTP in mice, either by adenovirus or transgene, has been seen to decrease HDL levels. 6, 7, 24 Huuskonen et al 16 reported that the activity of PLTP in human plasma showed a negative correlation with HDL-C and apoA-I, a major apolipoprotein in HDL. However, conflicting reports also exist. 12 In this study, we found that there was a mild negative correlation between PLTP activity and HDL-C in controls (rϭϪ0.15, PϽ0.001) and between PLTP activity and apoA-I (rϭϪ0.14, PϽ0.05), but not in cases, indicating that HDL-C lowering may play only a minor role here.
Second, high plasma PLTP activity may increase TRL concentrations, which is well-known atherogenic risk factor. We have previously reported that PLTP deficiency in mice resulted in reduced production and levels of TRL and markedly decreased atherosclerosis. 8 Murdoch et al 12 reported that PLTP activity in premenopausal women was significantly and positively correlated with LDL-C (rϭ0.53) and apoB (rϭ0.44). However, our study did not arrive at such easy and clear-cut conclusions. What we found was a mild positive correlation between PLTP activity and triglyceride levels (rϭ0.16, PϽ0.001) in controls but not in cases, indicating that in this study increased TRL levels may play only a minor role here, if any.
Third, high PLTP activity may provide a prolipoprotein oxidation status. We recently measured ␣-tocopherol content and oxidation parameters of lipoproteins from PLTPdeficient mice in apoE-deficient, LDL receptor-deficient, or apoB/CETP transgenic backgrounds. In all 3 backgrounds, the vitamin E content of VLDL or LDL was significantly increased in PLTP-deficient mice compared with controls having normal PLTP activity. 9, 10 Moreover, PLTP deficiency produced a dramatic delay in generation of conjugated dienes in copper-oxidized TRL as well as markedly lower titers of plasma IgG autoantibodies to oxidized LDL. 9, 10 The addition of purified PLTP to deficient plasma lowered the vitamin E content of VLDL and LDL and normalized the generation of conjugated dienes. 25 It is likely that higher PLTP activity in cases might promote TRL oxidation.
Fourth, high plasma PLTP activity may transfer more oxidized phospholipid from TRL to HDL, which then becomes less protective against atherosclerosis than normal HDL. We found that the ability of HDL from PLTP-deficient mice to inhibit LDL oxidation and LDL-induced monocyte chemotactic activity in human artery wall cell cocultures significantly decreased with time after inoculation compared with their controls (X.C. Jiang and M. Navab, unpublished data, 2003).
Although presently known risk factors have some predictive value for CAD, a major part of the variability in this process remains unexplained. 26 Also, therapy aimed at lowering LDL cholesterol reduces only a fraction (Ϸ30%) of the burden of atherosclerosis. 27 Our data are hypothesisgenerating rather than proving and have to be evaluated additionally in prospective studies. Although our discovery that high plasma PLTP activity is a risk factor for CAD needs to be confirmed by prospective studies, it holds the promise of a simple test that may have independent predictive value for CAD and provide a novel therapeutic target.
